Many studies have evaluated the association between weather and stroke, with variable conclusions. Herein we determined the relationships between daily meteorological parameters and acute stroke incidence in South Korea. Methods Patients with acute stroke (2,894) were identified by standard sampling of a nationwide insurance claims database from January to December 2011. We used multiple Poisson regression analyses of stroke incidence and meteorological parameters (mean temperature, diurnal temperature change, temperature differences over the preceding 24 hours, atmospheric pressure, humidity, wind speed, and physiologically equivalent temperature) to calculate the relative risk of stroke incidence associated with meteorological parameters. Results There were no seasonal variations in the incidences of ischemic (2,176) or hemorrhagic (718) stroke. Temperature change during the day was positively correlated with ischemic stroke in men (relative risk [RR] 1.027; 95% confidence interval [CI] 1.006-1.05) and older patients (≥65 years) (RR 1.031, 95% CI 1.011-1.052). Temperature differences over the preceding 24 hours had a negative correlation with all strokes (RR 0.968, 95% CI 0.941-0.996), especially among older women. Diurnal variation of atmospheric pressure was also significantly associated with the incidence of ischemic stroke (age<65 years, RR 1.051, 95% CI 1.011-1.092; age≥65 years, RR 0.966, 95% CI 0.936-0.997). Conclusions Diurnal temperature change, temperature differences over the preceding 24 hours, and diurnal variation of atmospheric pressure were associated with daily stroke incidence. These findings may enhance our understanding of the relationship between stroke and weather.
Effects of Temperature and Pressure on

Introduction
There is increasing concern regarding environmental factors such as climate change due to their health effects, especially on cerebrovascular diseases. 1 Daily meteorological changes have been reported to be associated with various stroke sub-types, although the results have been controversial. [2] [3] [4] Furthermore, previous studies have mostly focused on the relationship between mean temperature and stroke incidence. [5] [6] [7] Diurnal temperature change is an indicator related to global climate change, which is also related to cardiovascular disease-related mortality. [8] [9] [10] In addition, atmospheric pressure affects heart rate variability and eventually cardiovascular events. 11 Humidity and wind speed are also suggested to be related to vascular events, as indicated by the index of physiologically equivalent temperature (PET). 12 However, these meteorological variables have not been thoroughly investigated for their contribution to stroke occurrence until now.
In Korea, the government has investigated these associations and developed a warning system for citizens to properly prepare for possible threats. 13 For example, the Korean Meteorological Administration has developed a stroke risk index using the National Health Insurance Review and Assessment Service (HIRA) database in 2004 as part of the "development of the weather watch/warning system for health events" project. 13 This predictive model was developed on the basis of daily stroke incidence data and meteorological variables over a period of eight years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) . However, stroke incidence was extracted from a hospital admission database. 13 As a result, the time intervals between stroke onset and daily meteorological factors could not be speculated. Furthermore, the inclusion of patients without stroke in cases where stroke was not a primary diagnosis renders the results difficult to interpret. Considering that about two-thirds of patients arrive at the emergency room within 6 hours after symptom onset, 14 it may be more reasonable to investigate a link between daily meteorological variables and acute stroke incidence using the emergency admission database.
South Korea has four distinctive seasons and a relatively wide temporal variation in climate. Using these characteristics, we aimed to investigate the associations between daily meteorological variables and acute stroke occurrence using a nationwide insurance claims database.
Methods
We extracted eligible patients based on HIRA claims from January 1, 2011 to December 31, 2011. Our institution made an agreement with the Meteorological Administration for the development of a health forecast system in September of 2010. We merged this database of daily meteorological variables with the national health insurance claims database, which included a nationwide daily disease incidence database. Eligibility criteria were as follows: admission via the emergency department; diagnosis with standard disease codes for cerebral infarction, subarachnoid hemorrhage, intracerebral hemorrhage, or other non-traumatic intracerebral hemorrhage (International Statistical Classification of Diseases and Related Health  Problems 10th Revision I63, I60, I61 , and I62, respectively) as the final primary diagnosis at the time of hospital discharge; minimum age of 18 years. The Institutional Review Board approved this research protocol with a waiver of consent due to minimal risks to the participants.
A nationwide sample of patients from the HIRA database was randomly selected from all patients based on a demographically stratified extraction method with a high extraction ratio of inpatient claims. The extraction method was demographically stratified with five-year age intervals, and the extraction ratios were 13% for inpatients and 1% for outpatients. This resulted in total samples of 700,000 inpatient and 500,000 outpatient claims. The enrollment flowchart is presented in Figure 1 .
We merged the daily acute stroke incidence database from HIRA with the daily meteorological data obtained from the Meteorological Administration of South Korea. Meteorological variables, which were extracted from the climate observation regions of 13 major cities located at latitudes ranging from 33° to 37°N (Figure 2 ). We calculated mean values for all meteorological variables before merging the database with the nationwide stroke incidence data due to the narrow climate range in South Korea and the small numbers of patients within each region.
The meteorological variables included daily measurements of temperature (mean, maximum, and minimum), diurnal temperature range, temperature change over the preceding 24 (sea level, maximum, minimum, and diurnal variation), humidity (mean, maximum, and minimum), and wind speed (mean and maximum). The temperature change over the preceding 24 hours, diurnal variation ≥10°C (categorical), and PET were calculated using the above-mentioned variables, and PET was calculated using the following equation:
The temperature change over the preceding 24 hours was a negative value when the mean temperature of the corresponding day was lower than that of the previous day. Diurnal variation was dichotomized as ≥10°C and <10°C. 16 Simple correlation analyses were conducted to evaluate the associations between meteorological variables and stroke incidence according to age group (<65 years vs. ≥65 years), sex, and stroke subtypes (ischemic stroke vs. hemorrhagic stroke) (SAS syntax, PROC CORR). We selected meteorological variables with statistical significances of P<0.20 in the simple correlation analyses between meteorological variables and stroke incidence for further multiple regression analysis. We evaluated multicollinearity among the meteorological variables able to affect acute stroke incidence prior to multiple regression analysis. We then selected the final explanatory variables based on the simple correlation analyses and the evaluation of multicollinearity. Because stroke incidence had a Poisson distribution, we used multiple Poisson regression to study stroke incidence associated with meaningful meteorological variables while adjusting for sex and age group according to stroke subtypes (SAS syntax, PROC GENMOD). Relative risks (RRs) were calculated to explain the risk of acute stroke incidence according to the change in each meteorological variable. In order to estimate monthly stroke incidence, we divided the number of acute stroke cases in the corresponding month by the total number of subjects at risk of stroke in the HIRA database, i.e., total number of subjects aged 18 years or older (1,112,831 subjects), and multiplied by 100,000 to calculate the incidence per 100,000 in our population. We present the monthly stroke incidence by stroke subtype compared to values for the month with the highest incidence (Chi-squared test). Seasonal stroke incidence was also investigated, and the seasons were classified as spring (March, April, and May), summer (June, July, and August), autumn (September, October, and November), and winter (December, January, and February). We used SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) for statistical analyses, and the statistical significance level was set at P<0.05.
Results
Among the 58,534,774 total insurance claims for emergency cases in HIRA, we selected 2,006,052 claims from patients diagnosed with the standard disease codes I60-I63 ( Figure 1 ). Among these, 1,990,611 claims were from patients older than 18 years of age. A total of 605,224 of these claims were related to patients who were admitted to the hospital through the emergency department. Considering duplicate data from the same patients, 2,894 subjects were selected for the final analyses. The baseline characteristics of the enrolled subjects are described in Table 1 . Ischemic stroke accounted for three-quarters of all stroke cases. Patients with ischemic stroke were older than those with hemorrhagic stroke (69.28±12.55 vs. 61.31±15.24, P<0.01). Ischemic stroke was prevalent among patients aged ≥65 years, while hemorrhagic stroke was prevalent among those aged <65 years. Sex differences were not evident in either hemorrhagic or ischemic stroke.
The monthly incidence of acute stroke is summarized in Table 2. Monthly stroke incidence was compared to that for December, as it was the month with the highest incidence. The incidences of ischemic stroke in February and November were significantly lower than that in December. We did not observe any seasonal variations in the incidence of acute stroke.
The average annual temperatures of the study period were 12.4°C (mean temperature), -9.8°C (mean minimum temperature, in January), and 29.2°C (mean maximum temperature, in August). The following variables were incorporated into the final model based on the results of the simple correlation analyses and evaluation of multicollinearity: diurnal temperature changes, diurnal variation of atmospheric pressure, PET, temperature differences over the previous day, and diurnal temperature change ≥10°C. Humidity and wind speed did not have any significant associations with stroke incidence in the simple correlation analyses. Table 3 shows the relative risk associated with each meteorological variable for stroke incidence according to age, sex, and stroke subtype, as determined by Poisson regression models.
Diurnal temperature changes and temperature differences over the preceding 24 hours had significant associations with the incidences of ischemic stroke and any stroke. Diurnal temperature change had a positive correlation in men. Specifically, a 1°C change in temperature conferred a 2.4% higher risk for acute stroke. Similarly, in those older than 65 years of age, a 1°C change in temperature was associated with a 2.7% higher risk of acute ischemic stroke (RR 1.027, 95% confidence interval [CI] 1.008-1.047). In contrast, the temperature change over the preceding 24 hours had a negative correlation with the incidence Values are presented as mean (standard deviation) or number (%). of any stroke (RR 0.968, 95% CI 0.941-0.996). These associations were observed especially in women and the elderly older than 65 years of age. Ischemic stroke also had a similar association with temperature change over the preceding 24 hours. Diurnal variation of atmospheric pressure was significantly associated with the incidence of ischemic stroke, and these associations were in opposite directions in the different to age groups (age<65 years, RR 1.051, 95% CI 1.011-1.092; age≥65 years, RR 0.966, 95% CI 0.936-0.997).
There were no significant correlations between hemorrhagic stroke and meteorological variables. PET and temperature changes ≥10°C did not have any significant associations with the risk for ischemic or hemorrhagic stroke in any of the sex or age groups. 
Discussion
In our study, diurnal temperature change, temperature differences over the preceding 24 hours, and diurnal variation of atmospheric pressure were associated with daily stroke incidence. Hemorrhagic stroke did not have any significant associations with meteorological factors. There was no clear seasonal variation in our study.
Pathophysiological mechanisms for the association between diurnal variations in temperature/atmospheric pressure and stroke
The association between diurnal temperature changes and stroke has not been thoroughly investigated until now. A previous study, which was conducted at a single center with 303 patients younger than 60 years, did not reveal a significant relationship between diurnal temperature changes and stroke occurrence regardless of whether continuous measures or categorical variables were used across 5°C changes. 17 Another study in Hong Kong showed that an increase of 1°C in diurnal temperature was associated with a 1.7% increase in cardiovascular mortality. 18 In a recent meta-analysis, it was suggested that few studies had investigated an association between daily temperature range and stroke incidence. 7 Similarly, there has been little research on the correlation between fluctuations in atmospheric pressure and stroke occurrence. 19 Thus, our results fill an important gap in current knowledge. We investigated various meteorological parameters, including diurnal changes in temperature and atmospheric pressure, for their associations with acute stroke. These factors had seldom been investigated before. Consequently, their importance was stressed in a recent meta-analysis. 7 The exact mechanism for the associations between diurnal changes in temperature and atmospheric pressure and stroke are still unknown. However, these associations can be estimated based on studies of other diseases, such as myocardial infarction and respiratory infection. 20, 21 Sudden temperature changes can cause hemodynamic changes and change cardiovascular workload in elderly individuals who have a decreased ability to sweat and poor ability to maintain in vivo homeostasis. 20 This triggers a series of pathological processes. 18 Furthermore, it can be assumed that individuals with low income levels are more likely to be exposed to temperature variability due to poor accessibility to appropriate temperature-controlled facilities. 22 In addition, sudden changes in temperature may alter immune function and release of inflammatory mediators and lead to respiratory infection. 23 These infections are reported to be related to the occurrence of acute stroke. 24, 25 It has been suggested that changes in atmospheric pressure may lead to plaque ruptures. 19 It is not yet established whether atmospheric pressure can affect other stroke mechanisms, such as embolism formation. These environmental stresses may strain the cerebral vascular system and affect stroke mortality. 8 
Diurnal temperature changes and temperature changes over the preceding 24 hours
Our results regarding diurnal temperature changes and temperature changes over the preceding 24 hours seem to be contradictory, as the former had a positive correlation with stroke incidence while the latter had a negative association. Diurnal temperature changes are measured as absolute values and have clear implications. However, temperature changes over the preceding 24 hours can have both positive and negative values, and their interpretation may be more complex. When this measure has a negative value, its interpretation is consistent with that of diurnal temperature changes. To illustrate these associations, we computed the relative risk of acute stroke for temperature changes over the preceding 24 hours of -2°C vs. -1°C. Since the temperature changes over the preceding 24 hours were negative values, the temperature had dropped compared to the previous day. A temperature change over the preceding 24 hours of -1°C indicates a decrement of 1°C, but less than -2°C. We found that a 1°C decrement in temperature over the preceding 24 hours leads to a decrease in the relative risk of acute stroke of 3.2%. However, if the result has a positive value, the correlation is in the opposite direction. The risk of stroke was lower when the mean temperature of the corresponding day was higher than that of the previous day. This result seems to be contrary to the above-mentioned relationship between diurnal temperature changes and stroke risk. Temperature change over the preceding 24 hours is a measure used to compare the mean values of two consecutive days, and has a wider time range than the diurnal temperature change. In other words, we may consider that the body has a longer time to adapt to the temperature change and to avoid its adverse effects when compared to diurnal temperature changes. However, these explanations have not been proven and should be verified in subsequent studies.
Vulnerable subjects
Many studies are dichotomized and divide patients into age groups at 65 years of age. 9, 26, 27 These studies showed that the elderly had more deleterious cerebrovascular and cardiovascular disease-related responses to cold exposure than younger subjects. 9, 27 Previous studies have shown that elderly, female, and less-educated subjects were more vulnerable to the mor-tality associated with diurnal temperature changes. 10, 22 Some studies have suggested that slower reactions to the temperature changes make these groups more vulnerable to adverse biologic effects. 7 Some research suggests a possible role for estrogen in this vulnerability. Estrogen might lead to the vasoconstriction of intracerebral arteries via stimulation of the adrenergic alpha 2C-receptor. 28, 29 Higher thresholds for sweating and poor regulation of body temperature are additional possible explanations for the vulnerability of the elderly.
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Seasonal/monthly variations in stroke occurrence
In our study, there was no seasonal variation in acute stroke incidence for either ischemic or hemorrhagic strokes. Similarly, in a large community-based study of first-ever lifetime stroke with about 105,000 subjects, there was no significant seasonal variation over 4 years. 31 There might be various explanations for this observation, including improved social safety systems used by disadvantaged groups to cope with hot and cold seasons, climate changes, and differences in study settings, such as altitude.
Similar studies on the seasonal and monthly variations of stroke incidence have been conducted in Korea. 5 For example, a single hospital-based study in a restricted area of Seoul assessed the seasonal and monthly variations of stroke incidence over a 10-year study period. Our study is distinctive from the above study, as we focused on patients who were admitted via emergency departments so as to be conservative regarding the diagnosis of acute stroke. 21, 32 As a result, seasonal variation was not evident in our study, which had a more conservative diagnosis and used a nationwide database.
National health insurance claim database
In our study, we used national health insurance claims data from HIRA. The HIRA-National Patients Sample in South Korea is different from the National Inpatient Sample in the United States of America or the National Health Insurance Research Database in Taiwan. The sampling method of the HIRA database is patient-based and is similar to the National Health Insurance Research Database, although the demographically stratified sampling of HIRA in South Korea is different from the random sampling of the National Health Insurance Research Database in Taiwan. The National Inpatient Sample in the USA is hospital-based and is influenced by the characteristics and location of each hospital. A strong point of the HIRA-National Patients Sample claims database is the efficiency of data usage considering the ratio of inpatients and outpatients and their variances. However, this database does not incorporate nonpayment items and is relatively lacking in detailed data that may be used to adjust for various confounding factors.
Stroke admission through the emergency department
Our study included patients with acute stroke who were admitted via the emergency department to distinguish them from patients without stroke. This conservative method is in line with those of previous studies. 21, 26 According to a recent statistical report, about 60% of patients with acute stroke arrive at the emergency room within 6 hours after symptom onset in Korea.
14 Based on these statistics, we focused on analyzing the associations between daily meteorological factors and more immediate stroke incidence using the emergency admissions database.
Limitations
Several limitations of our study should be considered. First, since we used the HIRA database, we were unable to access data regarding all vascular risk factors of individual subjects due to technical problems and reliability issues with the extraction of these variables from a national health insurance claims database. Further investigations should be carried out to determine how vascular risk factors mediate changes in the effects of daily meteorological factors and emergency stroke admission. In addition, there might be other confounding factors, such as viral infection and aggravation of underlying diseases in winter, air pollution, and indoor circumstances and activities. In fact, a previous study indicates that poverty, inequality, and deprivation might be effect modifiers of high winter mortality. 33 Institutionalization in nursing homes might also affect the associations between meteorological factors and stroke occurrence. Second, we averaged all meteorological variables across the nation. The total land area of South Korea is approximately 100,032 km 2 and is less than the areas of most of the states in the USA. Thus, we averaged all meteorological variables and stroke occurrence data across the nation. However, for this reason, more detailed associations could not be investigated in this analysis. Third, we did not consider the time lag between meteorological factors and stroke occurrence. We aimed to investigate the relatively immediate effects of daily meteorological factors on the occurrence of stroke, and evaluated emergency room records against meteorological factors from the same day. Fourth, our nation consists of mostly a single ethnicity, so our results should be interpreted with caution before generalization. Lastly, we conducted our analysis using a oneyear representative database. It is thus not appropriate to show extrapolate the observed trends to other time periods.
Conclusions
In conclusion, our study reveals correlations between daily meteorological variables and acute stroke incidence using a national healthcare claims data. Diurnal temperature changes, temperature changes over the preceding 24 hours, and diurnal variation of atmospheric pressure were important meteorological factors associated with stroke occurrence. These associations were more prominent in patients aged over 65 years. Our results emphasize the necessity of the development and application of more precise weather watch/warning systems for health events to benefit vulnerable elderly subjects in coping with sudden environmental changes associated with recent climate change patterns. Further investigation of the pathophysiological link between diurnal variations of temperature and atmospheric pressure and stroke occurrence is also required.
